In the assessment of density functional approximations for the exchangecorrelation energy, great weight is usually given to the accuracy of molecular atomization energies, or the enthalpies of formation constructed from calculated atomization energies.
Introduction
Density functional theory (DFT) is now widely used for electronic structure calculations in both quantum chemistry and condensed matter physics. In the assessment of approximate functionals for the exchange-correlation energy, great weight is usually given to the accuracy of molecular atomization energies, or of enthalpies of formation [1] [2] [3] based on calculated atomization energies. In this communication, we have two points to make: (1) Nonempirically constructed functionals are finally producing chemically useful atomization energies for small and large molecules. 4 (A comprehensive self-consistent study with large basis sets for all G3 molecules will be reported elsewhere 5 ) . A recent such functional, [4] [5] [6] [7] whose moderate errors cancel those of the modest 6-311G(d,p) Gaussian basis set, achieves extraordinary accuracy even for the larger organic molecules of the G3-3 set, 1 providing consistent energies from atoms to small and large molecules. (2) For the molecules studied, most of the error of earlier fully or nearly non-empirical functionals 8, 9 resides in the energies of the free atoms, 10 and cancels out in the computation of energies of reactions 11 1 The increase in the errors is largest for the hydrocarbons and substituted hydrocarbons. If the test set is changed from G2/97 to G3-3, the m.a.e. of the B3LYP/6-311+G(3df,2p) method increases from 2.92 to 9.64 kcal/mol for the hydrocarbons, and from 2.22 to 7.15 kcal/mol for substituted hydrocarbons, respectively. 1 The increase in B3LYP error with molecular size is evident from comparison of the errors for the n-alkanes methane, ethane,… up to octane (see Figure 1 ).
1
Results
We performed a series of calculations on the 50 most problematic hydrocarbons and substituted hydrocarbons (containing only H, C, N, O, and F) from the G3-3 test set, 2 for which the mean atomization energy was 1500 kcal/mol. We used SVWN5, PBE GGA, ingredients. The performance of the PKZB meta-GGA for atomization energies was found to be satisfactory for the G2/97 test set. 15 However, it was observed that the geometries and frequencies calculated with the PKZB meta-GGA are worse than with the PBE or its hybrid, 15 and the PKZB meta-GGA provides a poor description of hydrogen bonds. 5, 16 The errors are 7 mainly from PKZB exchange. By introducing a requirement that the meta-GGA exchange potential be finite at the nucleus for one-or two-electron densities (an exact constraint lost in GGA), an improved meta-GGA can be obtained. This is the key new element in the TPSS meta-GGA, which could explain its improved description of bond formation. 5 All our reported results were obtained with our modified version of the CADPAC code, 17 using the standard 6-311G(d,p) basis set and self consistent PBE GGA orbitals. We have selected this moderate basis set, because for large molecules economic basis sets must be tested and our separate basis-set dependence study has shown that this triple zeta polarized basis set works well with the TPSS functional, achieving a remarkable cancellation of moderate errors not only for the G3-3 molecules but also for smaller ones. In a study of 21 typical G2/97 molecules, we compared our calculations to those much closer to the basis-set limit 4 and found that the TPSS mean overbinding (4 kcal/mol) of a molecule was cancelled almost perfectly by the mean underbinding due to our use of the moderate 6-311G(d,p) basis set. A similar comparison shows that the intrinsic TPSS mean overbinding for our 50 G3-3 molecules is 5 kcal/mol. Since B3LYP and PKZB underbind G3-3 molecules, their errors are not cancelled but reinforced by basis-set limitations. To evaluate the atomic energy, we follow the standard approach, using the broken-symmetry real orbitals of lowest energy.
For the larger G3-3 molecules, we have selected the B3LYP/6-31G(d) equilibrium geometries from our database 18 because the conventional MP2 geometry optimization is impractical beyond a certain size of the molecules, and the GGA-hybrid equilibrium geometries have proven to be quite useful. 1 For larger molecules, the errors in the reaction enthalpies are considerably more important than the errors in the enthalpies of formation. Inconsistencies between the calculated atomic and molecular energies will lead to large errors in calculated enthalpies of formation.
However, for reaction energies of chemical interest, the inconsistencies between molecular and atomic energies do not play any role. Consistent behavior of the calculated molecular total energies of a method makes it possible to obtain good reaction enthalpies, after the usual zero-point and thermal corrections (cf. homodesmic and isodesmic reactions).
To check the internal consistency of the molecular energies, we suggest a procedure that helps to evaluate the performance of a method for relative molecular energies. We use corrected atomic energies in order to obtain the best possible agreement in a least square sense with experimental enthalpies of formation as shown in equation 1 for a given molecule, M: Our empirical atomic energy corrections are reminiscent of the "atom equivalents" used by
Mole et al. 20 for the hydrocarbons, following an idea by Dewar and Storch. 21 They differ, however, in important ways: Our corrections represent principally the free-atom energies, and do not include any other enthalpy term. They do to some extent absorb errors due to basis-set limitations (as also found in ref. 20) 
